phosphorylation of CMK-1 was required for decreased thermal avoidance upon previous exposure to high temperatures. Moreover, CKK-1 was required not only for translocation of CMK-1 to the nucleus upon previous high temperature expo
sure, but also for its activity in the nucleus. Interestingly, CKK-1 activity was also required for increased avoidance to high temperatures. These results, in combination with opposite effects of cytoplasmic versus nuclear CMK-1, suggest that CKK-1 increases thermal avoidance by activating cytoplasmic CMK-1 signaling and decreases thermal avoidance by activating nuclear CMK-1 signaling.
Both studies dissected the mechanisms of adaptation of sensory neuron responses and added critical pieces to the puzzle of memory storage in thermosensory neurons. The two studies also open up several lines of inquiry. What are the downstream targets of CMK-1, and are they similar in AFD and FLP neurons? This is especially interesting as Sengupta and colleagues reported that CREB and HSF-1, two common targets of CaMK, are not activated by CMK-1 in AFD neurons. How do cytoplasmic and nuclear CaMK carry out opposite roles in thermal avoidance? A recent elegant study demonstrated that gCaMKII acts only as a carrier for Ca +2 /CaM complex rather than a kinase (Ma et al., 2014) . In light of this work, it will be fascinating to examine whether CMK-1 is only required for translocation of Ca +2 /CaM complex into the nucleus or if the kinase activity of CMK-1 is essential for its activity in AFD neurons. These two elegant studies highlight the amazing power of C. elegans to understand fundamental questions in neurobiology by dissecting the precise roles of individual neurons and identifying the underlying signaling molecules.
Little is known about how vertebrate neural progenitors in a given spatial domain change their identity over time. In this issue of Neuron, Dias et al. (2014) discover that hindbrain progenitors switch their output in response to TGF-b signaling. (Kohwi and Doe, 2013; Li et al., 2013) . In vertebrates, however, the mechanisms operating in NPCs to change their identity over time remain poorly understood. A common preconception is that NPCs are specified based on cues that are deployed in either space or time. For example, in vertebrates, spinal cord NPCs obtain their distinctive molecular identities based on their spatial location, forming distinct domains in response to morphogen gradients, each of which gives rise to one particular subtype of neuron. In contrast, neocortical and retinal progenitors are multipotent and individually give rise to a number of neuronal and glial subtypes in highly stereotyped temporal sequences. A similar duality surrounds the question of whether NPCs in classical temporal systems, such as the retina and neocortex, primarily depend on either intrinsic or extrinsic signals for their temporal progression. Classical heterochronic transplantation experiments demonstrated that NPCs in both systems undergo ''progressive restriction,'' losing competence to generate specific cell types over time. However, whereas extrinsic regulation was originally affirmed in the neocortex (McConnell and Kaznowski, 1991) , cell-intrinsic mechanisms have proven paramount in the retina, where extrinsic signaling appears restricted to feedback molecules secreted by specific neuron subtypes to suppress their own production (Bassett and Wallace, 2012) . While studies in the mouse neocortex and retina suggest that intrinsic cues like some orthologs of the fly temporal identity factors might have a conserved function (Alsiö et al., 2013; Elliott et al., 2008) , it remains unclear whether this represents true conservation of an intrinsic temporal cascade or a mere coincidence.
Conceiving these systems as strict dualities-spatial or temporal, intrinsic or extrinsic-may obscure some common principles. For example, framing systems as ''spatial'' obscures perhaps the bestknown temporal transition, namely that most NPCs generate neurons and glia sequentially. Moreover, recent reports have hinted that in the prototypically spatial spinal cord some NPCs sequentially generate different neuron subtypes (Benito-Gonzalez and Alvarez, 2012; Stam et al., 2012) . It remains unclear, however, whether these NPCs truly alter their identity over time, as there is precedence for mechanisms operating postmitotically (Sockanathan and Jessell, 1998) .
In this issue of Neuron, Dias, Ericson, and colleagues (Dias et al., 2014) studied how an individual, spatially defined, hindbrain progenitor pool can generate two neuronal subtypes in sequence: motoneurons first and then serotonergic neurons, followed by oligodendrocyte precursor cells. Previous work had established that this sequence depends on the homeodomain transcription factor Phox2b, which is expressed in the P2 hindbrain progenitor domain during the period of motoneuron production and is downregulated during the subsequent serotonergic neuron production window (Figure 1) . Moreover, Phox2b mutants fail to generate motoneurons and prematurely generate serotonergic neurons (Pattyn et al., 2003) , and lineage-tracing experiments suggested that both neuronal subtypes arise from the same progenitor population (D'Autré aux et al., 2011). Thus, a key question remained: what cue causes the timely repression of Phox2b expression in the P2 progenitor domain in the hindbrain? Dias et al. (2014) began by screening for potential extrinsic regulators of Phox2b. They discovered a tight correlation between the silencing of Phox2b and the upregulation of Tgfß2 expression in P2 domain NPCs in the hindbrain. To determine the functional implications of this observation, they used in ovo electroporation to activate the TGF-b signaling pathway throughout NPCs of the chick neural tube. Rather than overexpressing the ligand, they utilized a constitutively active receptor, Tgfrb1 CA , and further confined its expression solely to P2 NPCs via an Nkx2.2 enhancer element, thereby elegantly reducing any chance of effects being relayed indirectly. When they examined neuron production in the hindbrain, a striking effect was noted. First, Phox2b expression was suppressed as predicted. Second, markers of motoneurons were likewise suppressed. Third, markers of serotonergic neurons were increased (Figure 1) . Thus, the transfected NPCs prematurely exhibited the hallmarks of older progenitors.
Importantly, these results were confirmed by ablating Tgfrb1 conditionally in mouse hindbrain NPCs via an Nkx6.2::Cre driver. In these experiments, the ultimate numbers of motoneurons and serotonergic neurons initially suggested a negative result, as they were not different from controls. Critically, however, the timing of cell production was clearly altered: the motoneuron production period was extended, and the serotonergic production period delayed, which consequently led to a delay in oligodendrocyte production (Figure 1) . Thus, the initiation of TGF-b signaling not only appears to determine the timing of motoneuron to serotoninergic neuron fate switch, but also influences the overall duration of this lineage, suggesting a mechanism involved in regulating tissue size. While there is concordance between the mutant phenotype and the experimental predictions, the hindbrain somehow compensates for the altered timing events, but the compensatory mechanism underlying this surprising observation remains a mystery (see below).
The authors next went to impressive lengths to determine whether TGF-b signaling has a general role in progenitor timing, further examining the output of NPCs in the midbrain and spinal cord. In both cases, they found that TGF-b indeed promoted progenitor maturation, causing a switch in midbrain P2 NPCs from producing early-born oculomotor neurons to generating late-born red nucleus interneurons, while in the spinal cord TGF-b promoted NPCs to switch from producing motoneurons to oligodendrocyte precursor cells. Each of the three populations examined differs in their axial, dorsal/ ventral, and molecular makeup. Taken together, the data strongly suggest that TGF-b acts as a generic temporal switching factor for numerous NPC populations. However, TGF-b ligand expression appears to be highly restricted during CNS development (Dias et al., 2014; Yi et al., 2010) . Moreover, even in hindbrain P2 domain NPCs, it remains unclear what might control the later switch between serotonergic neuron production and oligodendrocyte precursors. Together, these gaps raise the possibility that additional molecular switches operate in different NPC contexts. Indeed, while virtually all NPCs switch from neurogenesis to gliogenesis, TGF-b has not previously been associated with this switch, whereas other factors, like BMP and cytokine signaling, have been implicated repeatedly. Indeed, the existence of a second switch signal operating downstream of TGF-b would explain how the delayed NPC progression in Tgfrb1 conditional mutants is ultimately rescued (Figure 1) .
Next, the authors evaluated whether the timing of TGF-b action was programmed into the lineage using two independent and ingenious approaches. First, using in ovo electroporation, the authors generated an artificial P2 progenitor domain in an ectopic, dorsal location by misexpressing sonic hedgehog (Shh) . These progenitors were shown to similarly generate motoneurons and serotonergic neurons in the appropriate sequence, and furthermore, the output of the ectopic progenitors could be coherently tuned by coelectroporating Phox2b or Tgfrb1 CA constructs. Second, Dias et al. (2014) impressively recapitulated the temporal system in a dish, using naive embryonic stem cell cultures. These cultures were guided to a ventral hindbrain fate using Shh and retinoic acid agonists and then Hindbrain P2 domain progenitors, either in vivo or generated from embryonic stem cell cultures in vitro, progress through discrete temporal states in which specific types of neurons or glia are generated. TGF-b acts as a switch signal, promoting progression from motoneuron to serotonergic neuron competence. Note that this is a generic activity that can be transposed to other NPC lineages. A similarly generic second switch signal might operate at a later point in the lineage to allow oligodendrocyte precursor production. Conditional mutagenesis of Tgfßr1 accordingly prolongs the motoneuron competence window, whereas Tgfß2 overexpression causes premature identity switching. allowed to differentiate. Differentiation was tightly choreographed, with motoneurons generated first, followed by serotonergic neurons, and finally oligodendrocyte precursors, each event taking place within largely discrete temporal windows. Interestingly, the role of TGF-b was also shown to operate in this system, as expected, with the addition of Tgfb2 ligand suppressing Phox2b expression and motoneuron production and promoting serotonergic neuron production. Considering the clinical importance of serotoninergic neurons, these results provide important insights into how manipulation of temporal identity could improve cell replacement approaches.
Taken together, this study raises a number of important concepts that require careful consideration. First, regarding the aforementioned duality between spatial and temporal systems, this study is, to our knowledge, the first to show in detail how a classic spatial progenitor pool can control its output over time to diversify its lineage. Thus, temporal systems may be much more common than currently appreciated. Second, regarding the duality between intrinsic and extrinsic control of temporal systems, Dias et al. (2014) find that temporal competence is regulated by both, at least in the hindbrain. However, in this case, the intrinsic determinants appear to control the specific output of the system. TGF-b does not act instructively, but importantly does not act as a failsafe feedback pathway either. Instead, it appears to meet the criteria for a generic switching factor, strictly imparting temporal information to target lineages. This is an unprecedented way to perceive the role of extrinsic factors in lineages. This might be a valuable concept to transpose into neocortical and retinal development fields, where extrinsic factors are known to participate in numerous fate transitions, but their relative importance has been the subject of debates.
As with many important advances, the study by Dias et al. (2014) also raises a number of unresolved questions. First, it remains unclear mechanistically how TGF-b regulates Phox2b expression and, relatedly, how TGF-b operates in midbrain and spinal cord progenitor pools. Uncovering these mechanisms might shed light on how TGF-b can achieve its effects in such disparate contexts. Second, and perhaps most importantly, it remains unknown how TGF-b signaling is first induced at the appropriate time in the lineage. The authors show that Phox2b is itself required to suppress Tgfß2 induction in P2 domain progenitors and, conversely, that increased TGF-b activity upregulates Tgfß2 ligand expression. Thus, the system appears to be wired for hysteresis: if Phox2b is present, Tgfß2 should remain repressed, and vice versa. A strong possibility is that similar TGF-b superfamily members prime the system by activating shared downstream signal transduction molecules, triggering the initial upregulation (Figure 1) . Gdf11 represents an interesting candidate, based on its expression in newborn neurons in several regions of the CNS, where it has been shown to promote lineage maturation, including the switch between neurogenesis and gliogenesis in the spinal cord (Shi and Liu, 2011) , and between early-born and late-born neurons in the retina (Kim et al., 2005) .
Understanding how NPCs change over time is important not only for elucidating the basic principles of nervous system development, but also to develop safe and efficient cell replacement therapies. The current paper by Dias, Ericson, and colleagues Dias et al. (2014) represents an important milestone on both sides of this ledger, demonstrating that NPCs switch their output in response to TGF-b signaling, both in vivo and, importantly, when neurons are artificially generated from embryonic stem cells. Thus, this study provides an important conceptual advance in our understanding of neural development and simultaneously shows how this advance can be leveraged for improved cell bioengineering.
